This paper proposes an adaptive robust fuzzy control scheme for path tracking of a wheeled mobile robot with uncertainties. The robot dynamics including the actuator dynamics is considered in this work. The presented controller is composed of a fuzzy basis function network (FBFN) to approximate an unknown nonlinear function of the robot complete dynamics, an adaptive robust input to overcome the uncertainties, and a stabilizing control input. Genetic algorithms are employed to optimize the fuzzy rules of FBFN. The stability and the convergence of the tracking errors are guaranteed using the Lyapunov stability theory. When the controller is designed, the different parameters for two actuator models in the dynamic equation are taken into account. The proposed control scheme does not require the accurate parameter values for the actuator parameters as well as the robot parameters. The validity and robustness of the proposed control scheme are demonstrated through computer simulations.
Introduction
In the past, many research results on the path tracking control problem for a wheeled mobile robot have been proposed. "Perfect velocity tracking" was put forward in Kanayama et al. [1] to solve this problem for the kinematic model. In Fierro and Lewis [2] , a dynamic controller was presented to integrate into the kinematic controller. However, the controller assumed that the dynamic parameters have to be completely known. This requirement cannot be carried out in practical situations where it is very difficult to completely obtain the exact parameters of the model. Das and Kar [3] proposed an adaptive fuzzy controller to approximate a nonlinear function involving the robot dynamics so that no knowledge of the robot parameters could be required. In Das and Kar [3] , although the actuator dynamics was taken into account, the parameters for the actuators were still required and the same parameters for the right and left actuator models were also used.
The fuzzy basis function network with a powerful competence for uniformly approximating any nonlinear function over compact input space has been suggested by many researchers, as shown in Das and Kar [3] , Wang and Mendel [4] , and Wang [7] . Although the previous robot controllers have showed good performance in many simulations and experiments, few literatures on the robustness of the controller against parameter variations and disturbances have been discussed. Shin et al. [5] and Kim et al. [6] presented a robust adaptive controller for robots and showed the robustness to uncertainties. Depending on the number of inputs and linguistic degrees of control variable, a lot of logic rules are produced. In many case they are potential redundant rules that not only have no effect on fuzzy inference but also make the system response worse. Therefore, it is necessary to optimize those fuzzy rules. Probabilistic optimization methods, such as GAs have been proven suitable for selecting those fuzzy rules as presented in Pishkenari et al. [8] , Herrera et al. [9] , and Lekova et al. [10] .
In this paper, we establish a new control scheme so that a wheeled mobile robot can track the desired reference path asymptotically against uncertainties. The scheme is based on the structure of FBFN and employs the adaptive and genetic algorithm techniques. The actuator dynamics for the two wheels of a wheeled mobile robot are included in the robot dynamic model, and the accurate parameters for the actuator parameters as well as the robot parameters are not required in the proposed controller.
A Wheeled Mobile Robot System

Kinematics and dynamics of a wheeled mobile robot
The pose of a wheeled mobile robot in the global reference coordinate frame { , , } O X Y is completely specified by the A nonholonomic mobile robot system having a n dimensional configuration space C with n generalized configuration variables 1 2 ( , ,..., ) nand subject to m constraints can be described by
is the centripetal and coriolis matrix, 
∈ℜ
is the vector of constraint forces.
The complete equations of motion of a wheeled mobile robot can be rewritten as 
Dynamic model of a wheeled mobile robot including actuator dynamics
The actuator dynamics with the same parameters for two DC motors was presented in Das and Kar [3] . In this paper, it is considered that two DC motors have the different parameters. The dynamics equation of a wheeled mobile robot including the actuator dynamics can be written as
where
, , 
The velocity control input vector c v that achieves the asymptotic tracking for the kinematic model is 
where r v and r w are the reference linear velocity and angular velocity of the mobile robot, the control gains
in Kanayama et al [1] . This velocity control input (6) 
Differentiating (7) with respect to time and substituting it into (4), the robot dynamics can be expressed as 
where the nonlinear function containing the dynamic parameters of the robot and actuator parameters is ( )
The above nonlinear function (9) can be approximated using a following FBFN as referred to Wang and Mendel [4] . 
Central ideal for optimization of fuzzy rules by GAs
GAs are the adaptive stochastic methods of searching in a population of abstract representations (chromosomes) of candidate solutions based on the evaluation of fitness function to rate potential solutions in terms of their fitness. GAs proceed to initialize a population of randomly generated solutions and meliorate it by applying genetic operations inspired by evolutionary biology such as selection, crossover, mutation. A new generation of solutions with higher fitness is produced to replace its parent. Each chromosome is represented by a bit string, and each logic if-then rule derived from the FBFN is denoted by a gene. Gene "1" of the chromosome represents that the rule is selected, while gene "0" infers the contrary. For instance, for three input variables in the FBFN, and three membership functions for each variable, there are totally 27 rules are possibly produced. Hence, a chromosome with 27 binary values is needed to present the selected rules in the FBFN. The parallel structure of a FBFN with GAs is shown in Fig. 3 .
In the reproduction process, we use two basic genetic operators: mutation and crossover. The crossover operation allows two chromosomes to exchange their information randomly so that new generation with good genes can be produced. The mutation operation randomly alters the genes to create diversity in the population. After these procedures, a new solution represented for selected fuzzy rules is applied to the FBFN to control the system. Fig. 4 describes the flowchart of GAs in the proposed controller. During control process, the FBFN is modified on-line after each sampling time by the procedure of selecting solutions according to the definition of the fitness to minimize the dynamic tracking error. The sampling time of GAs tuning is chosen as 0.2 second so that the fuzzy rules do not change so rapidly, which might become the potential source of disturbance to the system. The fitness function of GAs can be simply defined as :
The goal is to make the tracking error c e as small as possible, yet still guarantee the stability of the system; hence improve the kinematic tracking performance.
Controller structure
It is considered that the input matrix H including the actuator parameters is unknown. Hence the control input is chosen as follows,
where Ĥ is the guessed nominal parameter matrix of H and u is an adaptive fuzzy control input. 
Substituting (13) into (8), the closed-loop error dynamics for
Proof of stability
Consider a Lyapunov function candidate: By choosing the adaptation law (18) and using (21) and (27), we can conclude that to zero asymptotically by the velocity control (6). Thus, the actual posture ( ) q t converges to the reference trajectory ( ) r q t asymptotically as time t goes to infinity.
Remark 1:
The presented GA in this work is used for the optimization and reduction of the fuzzy membership functions shown in equations (10), (11) Therefore, the stability of the closed-loop control system is not dependent on the selection of the fuzzy rules. In other words, the action of GA does not affect the stability of the proposed adaptive robust fuzzy controller with GAs. In conclusion, the stability of the closed-loop control system including the presented GA can be guaranteed.
Simulation Results
The simulation for path tracking control of the wheeled mobile robot illustrated in Fig. 1 is performed to verify the proposed control scheme. In the presence of uncertainties such as parameter variations and disturbance, conventional PID, ARFC(Adaptive Robust Fuzzy Controller) and ARFC-GA(Adaptive Robust Fuzzy Controller with GAs) have been conducted and compared in order to show the effectiveness of the proposed controller.
The desired reference trajectory is set as following: is an identity matrix. Table 1 shows the performance comparison of conventional PID algorithm, adaptive robust fuzzy and adaptive robust fuzzy with GAs. ARFC, and ARFC-GA, respectively. It can be seen from the implementation that the PID controller cannot make the system converge asymptotically, because it cannot overcome the uncertainties and disturbances. The big errors appear when the mobile robot changes direction rapidly. On the contrary, the ARFC makes the system stable asymptotically. The tracking errors converge to zero as time goes to infinity. The proposed ARFC-GA takes an advantage of the evolution characteristics of GAs to select the optimized fuzzy rules online from the product inference process of a fuzzy basis function network. Therefore, the tracking errors are reduced. The biggest aim for using GA in this controller is the optimization and reduction of the fuzzy membership functions through the given genetic scheme from the proposed ARFC. It can be seen from the simulation results that conventional PID cannot overcome disturbances and parameter variations, while the proposed controller give the best performance over all. ARFC-GA is valid and robust against parameter variations and disturbances.
Conclusions
In this paper, we have developed an adaptive robust fuzzy controller with genetic algorithms for a wheeled mobile robot that asymptotically tracks a desired reference path in the presence of uncertainties. The robot dynamics including the actuator dynamics is considered in this work. The stability and the convergence of the tracking errors have been guaranteed based on the Lyapunov function theory. The different parameters for two actuator models in the dynamic equation have been considered in the proposed controller. The proposed control scheme does not require the accurate parameter values for the robot and actuator parameters. The effectiveness and robustness of the proposed controller has been shown through the simulation.
In addition to this work, a study on control schemes considering the inductances of the actuators in the actuator dynamics is left to a further research.
